Background & Aims-Altered gastrointestinal motility is associated with significant morbidity and health care costs. Toll-like receptors regulate intestinal homeostasis. We examined the roles of Toll-like receptor (TLR)4 signaling in survival of enteric neurons and gastrointestinal motility.
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Toll Like receptors (TLRs) are pattern recognition receptors involved in innate immune responses and are highly conserved in species such as Drosophila and humans 1 . TLRs recognize molecules of microbial origin, called microbial-associated molecular patterns (MAMPs). Recently TLRs have been shown to have a novel function in controlling intestinal epithelial homeostasis and protecting epithelial injury 2 . Inflammation and altered intestinal homeostasis underlie several diseases affecting the gastrointestinal tract including diabetes and inflammatory bowel disease. During a study performed to understand the role of TLRs in the pathophysiology of gastrointestinal motility disorders in diabetes we noticed a distinct phenotype in the TLR4 mutant mice (Tlr4 Lps-d ) with a significant reduction in stool pellet frequency compared to controls. This led us to study the role of TLR4 in regulating intestinal enteric neurons and motility. Gastrointestinal motility disorders are associated with significant morbidity and a key reason for outpatient clinic visits.
TLRs are expressed in the cells of the immune system, however recently several studies have demonstrated the presence of TLRs in neurons of the central nervous system 3 and they have been implicated in neurodegeneration 4 . TLR 3, 4, and 7 expression has been demonstrated in the human enteric nervous system 5 . TLR4 detects lipopolysaccharide (LPS), a major outer membrane component of Gram-negative bacteria and can signal through the NF-κB pathways resulting in the production of proinflammatory cytokines.
Several studies have demonstrated the role of TLRs in mediating neuronal injury. Human neurons express TLR3 and have a role in the neurodegeneration that occurs with inflammation 6, 7 . Cerebral cortical neurons express TLR2 and TLR4 and are activated in response to energy deprivation and ischemia 8 . Mouse hippocampal neurons are protected from ischemia induced damage in TLR4 −/− mice 9 . Neurons lacking functional TLR2 or TLR4 exhibit increased resistance to death by energy deprivation and stroke 10 . TLR4 expression has been identified on sensory neurons and involved in pain modulation 11 . TLR4 expression has been demonstrated in the myenteric plexus of the murine jejunum. However, its function in these neurons has not been examined 12 . Enteric neurons form a complex network of neurons within the gastrointestinal tract, populating the submucosa and muscularis externa. The enteric neurons release neurotransmitters such as acetylcholine, nitric oxide, ATP, VIP and serotonin. The enteric nervous system can also be exposed to bacterial products during times of compromised barrier function. Intestinal bacterial products can translocate, circulate and affect distant organs such as the bone marrow 13 . In Parkinson's disease there is evidence for increased intestinal permeability with enhanced bacterial translocation into the intestinal mucosa and circulation 14 . In the colon bacterial products have been shown to activate nociceptive dorsal root ganglion neurons 15 .
The role of TLR4 in the enteric nervous system and how it can modulate intestinal motility has not been studied. In rodent models of sepsis damage to enteric neurons due to LPS has been proposed. Rat myenteric neurons exposed to high doses of LPS in culture undergo cell death 16 . We sought to examine the role of TLR4 signaling in enteric neuronal survival and in the modulation of gastrointestinal motility disturbances. To do this we used both in vitro and in vivo models, Tlr4 Lps-d , TLR4 −/− and Myd88 −/− mice, germ free mice and mice with enteric neuronal specific deletion of Myd88 that we generated. In these models we assessed TLR4 signaling, enteric neuronal apoptosis and associated changes in intestinal motility.
Materials and Methods
Animals C3H/HeJ (spontaneous mutation in TLR4 gene, Tlr4 lps-d ), C3H/HeOuJ mice (controls for TLR4 mutant mice), and TLR4 −/− mice on BL/10 background were obtained from Jackson Laboratories (Bar Harbor, Maine). Myd88 −/− mice on BL/6 background and their controls were bred in Emory animal facility. Swiss Webster Germfree mice and conventional mice were obtained from Taconic (Hudson, NY). Hemizygous for Tg (Wnt1-cre) male mice were bred with noncarrier (wild type) female mice to obtain Wnt1-Cre transgenic mice that express Cre recombinase. Female or male Heterozygous for Myd88 tm1Defr were bred to obtain heterozygous or homozygous mice that possess loxP sites on either side of exon 3 of the targeted gene. These mutant mice were bred to mice that express Cre recombinase to obtain offspring with exon 3 deleted in the cre-expressing tissue (Wnt1Cre +/− /Myd88 fl/fl ). Wnt1Cre −/− /Myd88 fl/fl or Wnt1Cre −/− /Myd88 fl/− mice were used as controls. The original breeding pairs were obtained from Jackson Laboratories. All experimental mice used were 8-12 weeks old male mice. All animal studies were approved by the Emory University Institutional Review Board. 
Reagents

Assessment of colonic emptying by stool frequency and bead expulsion test
Stool output measurement was done as described previously 17 . Distal colonic transit and emptying was assessed by bead expulsion test, done as described previously 18 .
Intestinal transit assessment
Intestinal transit was determined by assessing the distribution of 70-KDa FITC conjugated dextran in the intestines of mice as described previously 19 . Cecum was collected as the 11 th segment. Transit was analyzed using the intestinal geometric center of the distribution of dextran throughout the intestine or colon and was calculated 20 .
Isometric colonic muscle strip recording
Longitudinal muscle strips (with myenteric plexus) were obtained from the proximal colon of mice. Recording parameters for longitudinal muscle strips has been established in our laboratory. Colonic relaxation was recorded by electrical field stimulation (EFS) (24 V, 4 Hz, 0.03 msec pulse for duration of 20 s). Strips were pre-contracted with 5hydroxytryptamine (10 μM) for 30 s before EFS. Colonic contraction was measured using EFS (24 V, 10 Hz, 0.3 msec pulse for duration of 20 seconds). Contraction or relaxation was expressed as a % change from baseline muscle tone 21 .
Whole mount tissue staining
Proximal colon was used for NADPH Diaphorase and Acetyl Choline staining and was performed and analyzed as described previously 21 . Proximal, mid and distal colon diameter was assessed in WT and Tlr4 Lps-d mice (n=3 mice in each group). Longitudinal muscle strips (with myenteric plexus) from distal ileum were fixed in 4% paraformaldehyde, blocked for 1h in PBS containing 0.3% Triton X-100 and 5% Normal Donkey Serum (NDS) and incubated with Rb nNOS (1:200), Rb TUJ1 (1:750) or Gt ChAT (1:100) antibodies in PBS containing 1.5% NDS, 0.3% Triton X-100 and 0.01% sodium azide,72h at RT. Secondary detection was performed by incubation with Anti-Gt IgG (1:500) or Anti-Rb IgG 
Neuronal cell preparation
The intestines of embryos from E13.5 pregnant WT and Tlr4 lps-d mice were used for the enteric neuronal preparation as described previously with slight modification of the protocol as mentioned 22 .
Immunocytochemistry
Enteric neurons were fixed and stained using standard immunostaining protocols as described previously 18 . Primary antibodies, Cleaved caspase-3 (1:200) and PGP9.5 (1:500) were incubated overnight at 4°C. Secondary detection was performed by incubation with appropriate Alexa Fluor conjugated antibodies.
Measurement of LPS in mouse serum
The concentration of LPS in mouse serum was detected by using Limulus amebocyte lysate (LAL) assay according to the instructions provided by the manufacturer. Endotoxin concentration of the serum samples was measured by plotting endotoxin standard graph (0.1-1.0 EU/ml), using standards provided in the kit.
Quantification of total bacterial content in mouse stool
Bacterial total DNA was isolated from WT and Tlr4 lps-d mice (treated with antibiotics for 2 weeks) stool using QIAamp DNA Stool Mini Kit. DNA was subjected to qPCR using global 16S rRNA primers: forward primer (8F) 5′-AGAGTTTGATCCTGGCTCAG-3′, and reverse primer (338R) 5′-CTGCTGCCTCCCGTAGGAGT-3′ to measure the total bacteria 23 .
Laser capture microscopy (LCM)-Proximal colon cryosections from Wnt1Cre −/− / Myd88 fl/fl and Wnt1Cre +/− /Myd88 fl/fl mice were stained using the Histogene LCM staining kit (Arcturus) to visualize the ganglia. The microdissection laser (PixCell IIe; Arcturus) was used as described previously to isolate ganglia 19 . Myd88 expression in the enteric ganglia was measured by real time PCR using Myd88 primers (FW 5′-AGAAAAGGTGTCGCCGCATGGT-3′, RV 5′-AGTCGCTTCTGTTGGACA CCTGGA-3′).
Western Blotting-Cell lysates obtained from IM-FEN cells were treated with or without LPS (10-1000 ng/ml) for 24 hr and Western blot analysis performed using standard methods. A semiquantitative measurement of the band intensity was performed using the Scion Image computer software program.
Food intake and body weight
Tlr4 Lps-d mice, Myd88 −/− mice, and age and gender matched WT mice were placed in individual cages and given a known amount of food. Food intake was monitored daily over a one week period. Throughout the experiment, mice were monitored for body weight.
Statistical Analysis
Statistics was done with the Student t-test or with the one-way analysis of variance (ANOVA) (GraphPad software). P value ≤0.05 was considered statistically significant.
Results
Tlr4 Lps-d mice exhibit delayed intestinal motility
We first examined the role of TLR4 in modulating gastrointestinal motility in vivo. We used the C3H/HeJ mice, which have a spontaneous mutation at the LPS response locus (mutation in toll-like receptor 4 gene, Tlr4 Lps-d ) making them hyporesponsive to LPS. We observed that even though the body weight of Tlr4 Lps-d mice was significantly lower than controls (C3H/HeOuJ, WT) (Supplemental Figure 1A) , there was no difference in their food intake (Supplemental Figure 1B) . The frequency of bowel movements, measured as an average number of fecal pellets extruded per hour, was significantly lower in Tlr4 Lps-d mice compared to WT mice. Accordingly, the wet weight and the dry weight were also significantly lower in Tlr4 Lps-d mice (Figure 1 , A-C). Difference in wet weight of Tlr4 Lps-d was 55.30 ± 5.09 % compared to WT and dry weight of Tlr4 Lps-d was 59.10 ± 3.39 % compared to WT mice, P>0.05. Intestinal transit (measured as a relative distribution of FITC-dextran fluorescence) was also found to be delayed in these mice, as noted by a significantly lower intestinal geometric center ( Figure 1D ). In the WT mice, the geometric center was shifted to the right, indicating a better rate of intestinal and colonic propulsion with the peak accumulation of dye in the cecum, compared to the 8 th segment of the small intestine in the Tlr4 Lps-d mice. The bead expulsion time, a measure of colonic motility was longer in the Tlr4 Lps-d mice compared to the WT mice (Data not shown). To examine the relative contribution of hematopoietic cells in inducing motility changes we performed bone marrow transplantation experiments. Four weeks after the bone marrow transplantation, the frequency of bowel movements, colonic motility as assessed by the colonic bead expulsion (WT to WT, 5.2 ± 1.2 min; Tlr4 Lps-d to WT, 5.1 min ± 1.2 min, n=5) and intestinal transit was similar in WT mice given either WT or Tlr4 Lps-d bone marrow. Stool frequency, colonic motility and intestinal transit was lower in Tlr4 Lps-d given marrow from Tlr4 Lps-d mice (Supplemental Figure 2, A and B) . Similar results were obtained at 6 and 8 weeks after transplantation. These results suggest that TLR4 expressed in non-hematopoietic cells is involved in the gut motility functioning.
Lack of TLR4 is associated with reduced nitrergic colonic relaxation and decreased number of nNOS neurons
To determine whether the delayed intestinal transit is due to selective changes of specific subtypes of neurons we assessed the nitrergic and cholinergic components of colonic longitudinal muscle strips from WT and Tlr4 Lps-d mice. We found a reduction in electrical field stimulation (EFS) induced relaxation in Tlr4 Lps-d mice compared to WT mice ( Figure   2A ) but no difference in contractile responses ( Figure 2B ). Consistent with this observation we found a reduction in intestinal nitrergic neurons stained with NADPH diaphorase (colon) or nNOS (ileum) specific antibody, and the total number of intestinal neurons (neuronal marker, TUJ1) in Tlr4 Lps-d mice compared to WT mice, with no difference in cholinergic neurons assessed by Acetyl choline (ACh) or ChAT staining ( Figure 2C ). There was no difference in the mid (WT, 1.90 ± 0.06 mm; Tlr4 Lps-d , 1.91 ± 0.16 mm) and distal colon diameter of the mice (WT, 2.21 ± 0.06 mm; Tlr4 Lps-d , 2.07 ± 0.24 mm). Proximal colon diameter of Tlr4 Lps-d mice was slightly higher than the WT mice, but not statistically significant (WT, 1.60 ± 0.01; Tlr4 Lps-d , 1.91 ± 0.18, n=3).
To determine if the delayed gastrointestinal motility in the Tlr4 Lps-d mice could also be seen in the TLR4 knock-out mice (TLR4 −/− ) on BL/10 background we performed similar experiments for assessment of gastrointestinal motility. We found the number of pellets extruded per hour to be significantly lower in TLR4 −/− mice on BL/10 background similar to the Tlr4 Lps-d mice (Supplemental Figure 3) .
Lack of MyD88 is associated with loss of nNOS neurons and delayed gastrointestinal motility
TLR4 is known to signal predominantly through the adaptor molecule Myd88. We next determined if the motility phenotype seen in Tlr4 Lps-d mice and TLR4 −/− mice was also seen in the Myd88 −/− mice. There was no difference in the food intake between WT and Myd88 −/− mice (Supplemental Figure 4A ). We found lower stool frequency, stool wet and dry weight in the Myd88 −/− compared to WT mice (Figure 3 , A-C). In addition, Myd88 −/− mice exhibited decreased colonic muscle relaxation ( Figure 3D ). The number of nitrergic and total neurons but not cholinergic neurons was reduced in the Myd88 −/− mice compared to controls, similar to the TLR4 −/− mice (Supplemental Figure 4 , B-D).
Germ free mice have reduced colonic nitrergic neurons
Gut microbiota can signal through TLRs. Our data demonstrated a role for altered TLR4 signaling in influencing enteric neuronal survival and modulating motility. To further examine the role of gut microbiota on the enteric neuronal survival, we assessed enteric neuronal subtypes in four week old germ free mice. We found reduced nitrergic and total neurons (Figure 4 , A, C and E) with no change in the cholinergic neurons ( Figure 4 , B and D) in germ free mice compared to their controls.
Reduction of intestinal microbiota leads to reduced nNOS expression and delayed GI motility
To further examine the role of gut microbiota on gastrointestinal motility, we treated WT and Tlr4 Lps-d mice with broad spectrum antibiotics (ampicillin 1g/L and neomycin 0.5g/L) for twelve weeks. We hypothesized that changes in the gut microbiota may lead to alterations in gastrointestinal motility through reduced TLR4 activation. After twelve weeks of treatment with antibiotics the WT mice had slower gastrointestinal motility. This was not seen in the Tlr4 Lps-d mice treated with antibiotics ( Figure 5B and supplemental figure 5 A-C). There was evidence of stool retention in the WT mice treated with antibiotics consistent with delayed colonic motility ( Figure 5A ). Further the phenotype of the WT mice treated with antibiotics was similar to the Tlr4 Lps-d mice in that they had lower nitrergic relaxation ( Figure 5C ) and reduced nitrergic and total neurons ( Figure 5D ). There was no difference in the cholinergic neuron expression (data not shown). These data indicate that bacterial products through activation of TLR4 can mediate changes in gastrointestinal motility. To correlate the effects of antibiotics on modulating endotoxin levels we measured the concentration of endotoxin in the serum of control and antibiotic treated mice. As seen in Figure 5E the endotoxin levels in antibiotic treated WT mice was significantly lower than untreated, WT mice. The levels of endotoxin in the WT mice are reflective of the normal gut microbiota and are significantly less than the levels seen in sepsis 24 . The efficacy of the antibiotics was verified by the dramatic (> 1000 fold reduction) lowering of total bacterial loads in mice stool ( Figure 5F ). Studies have shown that antibiotic treatment reduced the bacterial load by approximately 90% 23 .
Enteric neuronal specific loss of TLR4 signaling leads to delayed colonic motility
Enteric neurons originate from the neural crest cells. To determine if the changes in gastrointestinal motility were due to lack of TLR4 signaling specifically in enteric neurons we created a neural crest specific knock down of Myd88 by crossing the Wnt1-cre mice and the floxed Myd88 mice. To do this we used mice in which Cre-recombinase, driven by the neural crest specific Wnt1 promoter 25 that is expressed at about embryonic day E8. These Wnt1-Cre transgenic mice express Cre recombinase under the control of the neural crest specific wingless-related MMTV integration site 1 (Wnt1) promoter. When crossed with a strain containing loxP site-flanked sequences, Cre-mediated recombination results in deletion of the flanked sequences in the developing neural crest cells. Using Crerecombinase driven by the Wnt1 promoter we generated mice with excision of the Myd88 in mouse neural crest cells 26 . The specificity of targeting neural crest cells was demonstrated in this paper by the authors using mice homozygous for floxed stop YFP 26 . In these mice crossed with the neural crest specific Wnt-1 mice, fluorescence was noted in the neural crest cells and not smooth muscle precursors. In our studies, the knock down of Myd88 was verified in the enteric ganglia by immunostaining for Myd88. PGP9.5 was used as a neuronal marker. Using quantitative morphometry we found the expression levels of (Figure 6 , C-E). These mice also had reduced number of nitrergic and total neurons with no change in cholinergic neurons ( Figure 6F ) similar to the TLR4 Lps-d and TLR4 −/− , germ free and antibiotic treated mice.
TLR4 activation promotes enteric neuronal survival
Our in vivo findings demonstrated a role for TLR4 signaling in modulating gastrointestinal motility and influencing nNOS neurons. We sought to determine if activation of TLR4 can modulate enteric neuronal survival. TLR4 expression was verified in enteric neurons using RT-PCR (data not shown). We used primary enteric neurons from E13.5, WT and Tlr4 Lps-d mice and IM-FEN cells 18 to determine the effects of LPS on influencing enteric neuronal survival. Low dose LPS treatment (10 ng/ml) resulted in decreased cleaved caspase-3 expression with a dose dependent (10-1000 ng/ml) increase in phosphorylation of NF-κB p65 subunit by Western blot analysis (Figure 7, A and B ). Further LPS resulted in improved survival of primary enteric neurons isolated from WT mice ( Figure 7C ) but not from Tlr4 Lps-d mice ( Figure 7D) . These data suggest a role for TLR4 activation in promoting enteric neuronal survival.
Discussion
We have demonstrated a role for enteric neuronal TLR4 in the regulation of intestinal motility. Lack of TLR4 signaling led to delayed gastrointestinal motility as demonstrated by reduced pellet frequency and delayed intestinal transit. In addition, in the absence of TLR4 signaling we found a reduction in nitrergic neurons and resultant reduced nitrergic relaxation. Reduction of the microbiota with antibiotics led to a delayed intestinal transit in WT mice but not in the TLR4 Lps-d mice indicating the importance of luminal LPS and TLR4. Myd88 is the key adaptor signaling molecule for TLRs. Myd88 −/− mice and mice with neural crest specific knock down of Myd88 had a similar phenotype as the TLR4 −/− mice. Finally, to understand the mechanism of TLR4 modulation of enteric neuronal survival, we assessed the effects of the TLR4 agonist, LPS on enteric neurons in vitro. TLR4 was expressed in enteric neurons and stimulation with LPS resulted in activation of NF-κB. Further stimulation with LPS promoted enteric neuronal survival in WT but not Tlr4 Lps-d mice. Taken together our findings suggest that TLR4 signaling is important for the survival of enteric neurons. These findings implicate the role of intestinal microbiota in regulating gastrointestinal motility.
Studies have demonstrated that in models of sepsis the mechanism of ileus involves the inflammation response induced by bacterial flora and lipopolysaccharide from Gram negative bacteria 27 . These studies have found that inflammatory cytokines result in intestinal smooth muscle dysfunction and resultant delayed motility. In our models of Tlr4 Lps-d mice we did not find any defects in intestinal smooth muscle function as measured by isometric muscle strip recordings. In cultured rat myenteric neurons exposure to LPS resulted in increased vasoactive intestinal peptide expression and reduced neuronal survival 16 . The concentration of LPS used in these studies ranged from 0.1-20 μg and was much higher than what was used in the current study. Our findings suggest that low dose LPS is essential to maintain neuronal survival however at higher doses LPS results in neuronal toxicity. LPS at low dose has been shown to promote survival of hippocampal neurons through increased expression of granulocyte colony stimulating factor 28 . Activation of NF-κB has been shown to favor neuronal differentiation 29 and in our studies low dose LPS through activation of NF-κB promotes the survival of enteric neurons.
Studies have demonstrated that peptidoglycans from microbiota can circulate systemically and modulate bone marrow neutrophils to enhance systemic innate immunity 13 .
Compromised barrier function has been demonstrated in models of psychological stress 30 . The presence of TLR on the enteric neural network creates a mechanism for the gut luminal environment to communicate with the central nervous system. Modulation of microbiota through the use of probiotics has been shown to alter myenteric neurons 31 and benefit patients with irritable bowel syndrome and this maybe through the bacterial neuronal interactions that we find in the intestinal tract. Recent studies examining TLR4 expression in colonic biopsies of patients with irritable bowel syndrome demonstrated increased expression of TLR4 32 . In another study involving irritable bowel syndrome patients a majority of these patients had diarrhea as part of their symptoms 33 . Our future studies will examine the role of TLR4 in modulating stress related gastrointestinal symptoms as seen in irritable bowel syndrome.
Another interesting finding is the reduced number of nNOS neurons in 4 week old germ free mice compared to their controls. Treatment of piglets with probiotics has been shown to modify the chemical coding in swine enteric neurons, indicating a role for bacterial products in the neurochemical differentiation of the ENS 34 . Our findings suggest that for enteric neuronal survival, microbial-neuronal interaction is essential. One potential mechanism we propose is through LPS induction of NF-κ-B and resulting activation of prosurvival pathways. In the central nervous system (CNS) TLR2 has been shown to modulate adult hippocampal neurogenesis 35 .
Previous studies in human CNS neurons have demonstrated a role for TLRs for induction of innate immune responses and thus neurons can play a role in defense against neurotropic pathogens 3, 36 . Our studies demonstrate that TLR4 signaling is important in enteric neurons and can participate in modulating motility. Lack of TLR4 is associated with reduced GI motility and signals through the Myd88 pathway. TLR4 and its downstream signaling molecules could be potential therapeutic targets for the treatment of gastrointestinal motility disorders. 
